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Abstract 
Tracer compounds have been used in a number of applications in near- and sub-surface environments. In the case of the oil and 
gas sector, they are used to address specific questions such as the determination of compartmentalization in larger fields during 
production, or quantify the amount of residual oil remaining in a depleted reservoir. These questions are quite specific to the 
location and production problem encountered. To date, similar approaches to understanding pilot and demonstration scale carbon 
storage projects have also been used, but as yet, there have been no commercial scale operations that have entered into large scale 
tracer programs. The reasons for this are numerous and we attempt to provide some information on the key research questions in 
this particular area of carbon storage applications. 
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1. Introduction 
Chemical tracers have been used widely to track the movement of different species in oil/gas reservoirs, aquifers 
and groundwater and for monitoring contamination plumes in groundwater. Within the oil/gas context, the 
information obtained from tracers is often used for hydrocarbon reservoir assessments, development of hydrocarbon 
production strategies and environmental monitoring. More recently chemical tracers have been applied to pilot scale 
tests for carbon capture and storage (CCS). For a more comprehensive review see Myers et al, (2013)[1]. 
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Chemical tracer tests have been used at pilot CCS sites primarily to: 
1. Validate the presence of the injected CO2 so that it acts as a means of independent monitoring and 
verification in reservoir (known as attribution). 
2. Act as a method for verifying containment within the storage reservoir by monitoring the groundwater, 
soil and atmosphere in the vicinity of a pilot site to assess leakage rates. 
3. Evaluate storage behaviour through quantification of tracer movement (e.g., migration rates) or in the 
assessment of storage mechanisms (e.g., residual saturation). 
 
A common question is whether tracers can or indeed should be applied at the commercial scale in CCS. The 
answer depends on the utility of the tracer for the various applications listed above. This will almost certainly 
require a prioritisation of the concerns that can be addressed using chemical tracers.  In other words, the application 
of tracer(s) may address one of these but not all of these questions listed above. For example, a small amount of 
tracer could be applied for a simple well-to-well chemical tracer test. This would provide information on the 
appearance of injected CO2 in a production well (validation) and depending on the type of tracers injected and the 
design of the sampling regime the test could provide information on partitioning processes and migrations 
rates/mechanisms. On this scale, a pulsed type of test is often used; however, this would not be viable for near 
surface leakage monitoring as the amount of tracer would be far too small to be observed in a near-surface 
(groundwater, soil gas, atmospheric) environment and may not have the appropriate properties to reach the surface 
(for example, the tracer may have progressively adsorbed onto mineral surfaces during its transit to the surface). 
The scale of tracer volumes required is potentially a major concern for the deployment of chemical tracers at a 
commercial site. The volumes required for tagging an entire injection volume can be prohibitive due to increased 
costs, the potential for site contamination with tracers resulting in an increased background concentration and 
additional infrastructure for continuous co-injection (as opposed to a series of pulses). Furthermore, there are doubts 
whether a single tracer would suffice for tagging at a commercial scale, or could more information be garnered by 
varying the tracer composition over time? 
 
These points lead to other questions relating to the deployment of tracers: 
1. Are there enough different tracer types to enable the use of uniquely identifiable tracers in multiple wells 
(attribution)? 
2. Will the use of chemical tracers lead to a rise in background concentrations requiring more chemical tracer to 
be used in future projects? 
3. Are the tracer compositions able to meet environmental regulations (e.g. EPA and OSPAR) to be deployed 
either onshore or offshore in the subsurface? 
4. Could tracers replace detailed baseline monitoring? 
5. Do we know the tracer partition coefficients between water and CO2 at relevant pressure/temperature 
conditions (supercritical conditions representing a storage scenario and subcritical conditions representing 
leakage to the near surface)? 
6. Do we know how the tracer(s) behave in the presence of different mineral species (quartz, carbonate or clays) 
or in the presence of organics (organic-rich shales or coals)? Are losses due to sorption during lateral or 
vertical migration impacting detection and quantification in nearby wells or near the surface? 
7. Is rock wettability an important consideration (as well as other rock properties) for the losses or rates of 
migration, and can we observe and quantify this in the laboratory? 
8. Do we have robust modelling methods that can accurately account for phase partitioning and sorption onto 
mineral surfaces and are able to provide robust and timely modelling scenarios useful to commercial scale 
operations?  
 
Through pilot scale activities at the CO2CRC Otway Site (Victoria, Australia), funding and support from CSIRO, 
activities from other industry partners, and research has grown in this area. Subsequently funding from the 
Australian Government through their Education Investment Fund Program, a tracer laboratory has been designed 
and built by the National Geosequestration Laboratory (NGL) at CSIRO to address a number of these fundamental 
questions related to chemical tracers for CCS. It is hoped that by adding to our general understanding of tracer 
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behaviour testing in the laboratory environment, that some of the questions stated above can be evaluated in the lab 
and via modelling before larger scale deployments are considered. 
2. Methods 
Equipment in this laboratory consists of high pressure pumping equipment, ovens, high pressure/temperature 
vessels and valves, ultralow back flow pressure regulators, Coriolis flow and density metres and sampling 
equipment. These have been configured to provide two experimental units for evaluating tracers: a batch reactor to 
measure partitioning of tracer(s) between CO2 and formation waters and a slim-tube set up to evaluate transport and 
recovery of tracers through different mineral assemblages. 
2.1. Batch reactor for partitioning measurements 
The function of the batch reactors is to provide fundamental information on the partitioning of a tracer in an 
environment representative of a real world CCS situation. The CO2 is typically supercritical to mimic storage 
reservoir conditions. Subcritical tests can also be studied to observe the behaviour of tracers in “leakage” type 
scenarios.  
 
 
Figure 1 Batch reactor partitioning rig for testing tracers in CO2 and formation waters at a range of typical storage pressures and temperatures. 
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The equipment is rated to temperatures of up to 120°C and pressures of up to 30 MPa and is designed using either 
2507 stainless steel or Hastelloy with appropriate sealing mechanisms (e.g. Kalrez and Teflon) and can function in 
an aggressive chemical environment consisting of CO2, hydrocarbons and water with up to 300,000 ppm total 
dissolved solids (TDS). Figure 1 illustrates the setup that we have designed for measuring tracer partition 
coefficients. 
2.2. Slim-tube experimental testing 
The partitioning vessels are complemented by a slim-tube configuration that can be loaded with a variety of 
mineral assemblages to test for retention of tracer on mineral surfaces and measure rates of breakthrough with the 
passage of CO2 and/or water. Similar to the batch reactors, the slim-tube set up has been designed for a range of 
high pressure and temperature conditions and is able to tolerate elevated concentrations of salts through use of 2507 
stainless steel or Hastelloy fittings where surfaces may be wetted by CO2 or saline fluids. 
Figure 2 shows the layout of the design for the slim-tube system.  Typically, either a 6 or 12 m length of ¼” 
stainless steel tubing is packed with the relevant sediment being studied, usually beginning with pure sand. Different 
grain sizes can be utilized to vary the porosity and permeability characteristics.  Generally, other sediments can be 
introduced, usually as a percentage of the sand matrix. This is typically done to avoid the tube becoming so 
impermeable that large pressure differentials are required to achieve any flow. In the case where coal or clay 
particles have been used, these have been mixed with sand to avoid major impacts resulting from swelling on 
contact with brine and/or CO2. 
 
 
Figure 2 3D CAD drawing of the slim-tube system for evaluating tracer behaviour. 
2.3. Relevance of laboratory experiments and workflow 
The laboratory equipment as part of the NGL Tracers Laboratory is designed to mimic reservoir conditions albeit 
under drastically simplified conditions.  Nevertheless, laboratory experiments allow for fundamental properties of 
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the chemical tracers such as partition coefficients, sorption parameters and retention factors to be determined.  It is 
important to note that any chemical tracers used (other than possibly isotopically labelled carbon dioxide for CCS) 
will to varying extents have differing transport properties compared to the species being monitored.  For CCS, 
chemical tracers only provide direct information on the transport of the chemical tracer through a system containing 
stored CO2 and only indirectly provides information on the transport of CO2 itself. The aim of these laboratory 
experiments then is to validate the behaviour of the chemical tracers and to minimize the uncertainties correlating 
the behaviour of the chemical tracers with that of carbon dioxide.  In most instances, data from a field trial using 
chemical tracers will be incorporated into a reservoir model/computational simulation to ascertain predictions and 
estimates on the behaviour of carbon dioxide itself not the chemical tracer.  With experimentally determined 
constraints on the behaviour of chemical tracers, the models/simulations will provide a more meaningful and 
accurate outcome especially if integrated in a workflow such as that described in Figure 3.   
 
 
Figure 3 Workflow for evaluation and testing of tracer compounds for CCS applications. 
3. Observations 
Based on the introduced questions relating to the potential deployment of tracers for CCS in pilot or commercial 
scale situations, we evaluate our current knowledge and observations. 
3.1. Are there enough different tracer types to enable the use of uniquely identifiable tracers in multiple wells 
(attribution)? 
Previous reviews[1,2] list a variety of tracers that have been used in both CCS and non-CCS applications. They 
range from noble gases to organic compounds, but broadly speaking they tend to be limited to a relatively small list 
of tried and tested chemicals. Perfluorocarbon (PFC) tracers have many attractive qualities as a chemical tracers, for 
example the wide range compounds available and range in boiling points should make for a more targeted 
application depending on storage depth (Table 1). But there is the potential for a disconnect between the behavior of 
fluorocarbon chemicals, water and CO2 due to the incredibly high partitioning coefficients between PFCs and water 
4204   Linda Stalker and Matt Myers /  Energy Procedia  63 ( 2014 )  4199 – 4208 
reported in the literature and those that we attempted to measure using the batch reactors. It is important that the 
relevance of PFCs to the tracking of carbon dioxide is validated both in laboratory experiments and in field trials to 
quantify their behavior for modelling.   
 
Table 1 Common perfluorocarbon tracers and boiling point data. 
Tracer Boiling point (°C) Acronym 
Perfluorocyclobutane -6 PCB 
Perfluorobutane -1.7 PB 
Perfluoro(methylcyclopentane) 48 PMCP 
Perfluorohexane 56 PH 
Perfluoroethylcyclohexane 94 PECH 
Perfluoro-(1,4-dimethylcyclohexane) 101 1,4-PDCH 
Perfluoro-2-methyl-3-ethylpentane 103 PMEP 
Perfluoro-(dimethylcyclobutane) 45 PDCB 
Perfluoro(methylcyclohexane) 76 PMCH 
Perfluoro-(1,3-dimethylcyclohexane) 102 1,3-PDCH 
Perflourooctane 103 PO 
Perfluoro-(1,2-dimethylcyclohexane) 103 1,2-PDCH 
 
Recent work has been conducted at CSIRO with PFCs using both the batch reactor and slim-tube experimental 
setups[3]. In the case of analyzing multiple PFCs, separating individual PFCs from a batch mixture was found to be 
challenging with either a Al2O3/Na2SO4 PLOT or WCOT CP-Sil 5 CB methyl silicone column in the absence of the 
more preferred graphitized carbon PLOT capillary column which is no longer commercially available[4,5]. This is in 
spite of the wide boiling point range of many of the PFCs under investigation (Table 1). If there was an expectation 
of labeling a series of wells with different marker PFC tracers, this approach could still work to a degree as the 
presence of PFCs would still be detectable in general. Also it would be unlikely that all PFC tracers might appear at 
one point and that the breakthrough of a particular PFC could still be identified. Work is ongoing to evaluate other 
potential GC columns to overcome this issue. 
There are also a large number of potentially suitable organic compounds that could be tested and evaluated 
through the methods and workflow described above to identify alternative chemical tracers. Depending on the 
function of the tracer, these can be tailored to specific questions, such as measuring residual saturation[6]. While 
there are an endless number of compounds to test, few have the partitioning coefficient data required (between CO2 
and water/formation water) at this stage to conduct preliminary modeling. This data gap can be addressed using 
dedicated equipment such as the batch reactor approach described above. 
3.2. Will the use of chemical tracers lead to a rise in background concentrations requiring more chemical tracer to 
be used in future projects? 
Watson and Sullivan (2012)[7] use a Gaussian plume model to determine the amount of PFC tracer that would be 
necessary to achieve a CO2 leakage detection limit of 1% over 1000 years specified by the Department of Energy 
(DoE) guidelines. He states that 19 tons of injected PFC tracers would need to be injected over the 30 year life of a 
1000 MW coal fire plant to achieve this detection limit.  He argues that if PFCs were used indiscriminately as a 
tracer there is a significant risk that background concentrations would quickly increase, limiting the utility of PFCs 
as chemical tracers.  Furthermore, since PFC tracers are potent greenhouse gases there is the risk of exacerbating the 
effect of increasing atmospheric concentrations of greenhouse gases.  He suggests that PFC tracers should only be 
used in sequestration research. 
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3.3. Are the tracer compositions able to meet environmental regulations (such as EPA or OSPAR) to be deployed 
either onshore or offshore in the subsurface? 
The applicability of tracers with respect to environmental impacts and regulations is of increasing importance 
going forward. SF6 as a chemical tracer has been banned in the European Union due to its high potency as a 
greenhouse gas.  PFCs are similarly potent though they have not been banned as chemical tracers to date.  With the 
potential for the introduction of carbon taxes (e.g. in Australia until they were recently repealed) the cost for these 
chemical tracers can increase many fold.  Regulations such as OSPAR (Convention for the Protection of the Marine 
Environment of the North-East Atlantic) for offshore environments have had to be addressed in the light of potential 
tracer deployments in the North Sea. Information has to be supplied over a number of areas such as the type, 
volumes and fate of injected chemical tracer including ecotoxicological, bioaccumulation, biodegradability and 
aquatic toxicity data to determine its suitability at least for offshore environments. These considerations can inform 
us as to which compounds might be more acceptable as future tracers when trying to evaluate their potential for 
deployment on or offshore. 
3.4. Could tracers replace detailed baseline monitoring? 
Predictably the answer here is that it depends on the exact circumstances. There is the potential to add a tracer(s) 
continuously for a particular site. The question is why you would do that and would the cost/benefit analysis stand 
up. The amount of tracer that might be required to be added could be prohibitive, depending on the type of tracer 
and the amount of CO2 to be injected. For example, using the data from West Pearl Queen[8], 0.5L of a PFC tracer 
was added to 20 tonnes of CO2. The tracer was detectable in their study and confirmed the dosage in that example. 
Extrapolating to a 1 million tonne per annum injection rate, 25,000L of PFC would be required to be co-injected 
with the CO2 to achieve similar outcomes. This implies a high cost for the required infrastructure and tracer 
chemicals for the co-injection. Similar values are also mentioned above[7]. Furthermore, with such large quantities of 
PFCs being used on site there is a high likelihood of site contamination with the tracers being used and the potential 
for the detection of false positives.  The environmental impacts that might be anticipated if even the smallest amount 
of leakage could be substantial as well given the high greenhouse gas potency. Note that PFCs have very low 
background levels and are easily detectable at extremely low concentrations, such that other tracers might need to be 
added in much larger quantities relative to the amount of CO2 injected.  
The overall costs of conducting the range of baseline and ongoing monitoring methods that might be typically 
required at a storage site must compared with conducting no baseline testing and using a chemical tracer compound 
not typically observed in the sub- or near-surface environment. The evaluation may be highly site specific and 
impacted by the regulatory regime under which the site operates. 
3.5. Do we know the tracer partition coefficients between water and CO2, and at relevant pressure/temperature 
conditions (supercritical conditions representing a storage scenario and subcritical conditions representing leakage 
to the near surface)? 
For the most part, CO2/water partition coefficients for relevant chemical tracers have not been determined.  In the 
past, Henry’s coefficients for gases and octanol/water partition coefficients for organic compounds have been used 
as substitutes, resulting in varying degrees of inaccuracy in the interpretation of tracer results from the field.  More 
recently, partition coefficients have been determined for reactive ester tracers[9] and noble gases[10,11]. However, even 
if supercritical CO2/water partition coefficients are available, there are substantial variations with temperature and 
pressure requiring that a range of coefficient values be measured for any simulation/interpretation of tracer results.  
Experimental measurements can be conducted for a range of scenarios, from subcritical for a leakage scenario to 
supercritical for a storage scenario using the batch reactor or slim-tube experimental setups.  
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3.6. Do we know how the tracer(s) behave in the presence of different mineral species (quartz, carbonate or clays) 
or in the presence of organics (organic-rich shales or coals)? Are losses due to sorption during lateral or vertical 
migration impacting detection and quantification in nearby wells or near the surface? 
The above are key unknowns but we can begin to evaluate tracer sorption using slim-tube experiments, where the 
ratio of quartz, carbonate, clay or coal can be adjusted to evaluate the relative retention or losses to different mineral 
matrices. Results can then be upscaled in part by modeling activities to give some information on the overall losses 
through the overburden to sampling/monitoring points (ranging from the reservoir to the above zone monitoring 
intervals, or to surface). Literature information and indeed analytical methods for measuring some compounds do 
give some indications that certain compounds may adhere more favorably to organics or carbon relative to quartz or 
certain clays[2]. 
3.7. Is rock wettability an important consideration (as well as other rock properties) for the losses or rates of 
migration, and can we observe and quantify this in the laboratory? 
It is recognized that wettability of a rock has a major impact on the flow mechanism for different chemical 
species. Much work has been conducted in the field of oil migration demonstrating the preferential oil-wetted 
pathways used for migration of hydrocarbons during accumulation, summarized in England and Fleet (1991)[12]. The 
advancement of techniques such as X-ray micro-tomography with transparent core holders for in situ flow 
monitoring is facilitating direct measurement of contact angles and other data for wetting of mineral surfaces in the 
presence of brines, Sc CO2 and also organics.  
There may be the potential to evaluate the behavior of tracers with respect to wettability in this manner, though 
this sort of experiment may be fraught with difficulty. At this stage, heavy elements such as xenon would be needed 
to provide the relevant level of contrast in a micro x-ray CT environment, and even then, would have to be added to 
a test in high concentrations. It has been considered in more detail in Myers et al, (2012)[6]. Ultimately in the 
subsurface, impact from changes in wettability should be minimal for tracers are typically used at very low 
concentrations. 
However, if we can determine the impact of wettability on the distribution and adhesion losses, then we can 
potentially obtain improved data to calculate the losses of tracer during deployment and adjust the doses 
accordingly. 
3.8. Do we have robust modelling methods that can accurately account for phase partitioning and sorption onto 
mineral surfaces and are able to provide robust and timely modelling scenarios useful to commercial scale 
operations?  
There are many approaches to modelling the migration of fluids in porous media. Translating the laboratory 
results to these models can be difficult however. The change in units from measurements based on mole or volume 
calculations to mass fractions used in models can be easily overlooked. Also many models have historically used the 
Henry’s coefficient for chemicals in water or air (and not in supercritical CO2). So the measured partitioning data 
can be difficult to convert to be added to existing software.  
But the main question is whether or not the new information, i.e., the measured partition coefficients acquired in 
the laboratory using specialized equipment is in any way better than the existing Henry’s coefficients? 
This has been addressed in a recent research project[13] which suggests that the geometry of the storage interval is 
critical when evaluating tracers; that is, depleted gas fields, where there is likely to be an accumulation of CO2 and 
therefore the use of either tracer partitioning coefficient may be less critical, while more open systems such as saline 
aquifers will show a larger degree of partitioning. 
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4. Some conclusions on the future use of tracers in pilot, demonstration or commercial operations 
When it comes to executing pilot and demonstration size carbon storage projects, the use of tracers can quickly 
help reduce risk and uncertainty in quantifying residual saturation, or plume migration rates for example. Also in 
other cases they can be used to monitor and quantify leakage, particularly in shallow release or surface release tests.  
But, when scaling up to commercial scale operations tracers can still be used to address these aspects as a part of 
the characterization of a site. So they can certainly be used at large scale commercial operations, but with a view to 
addressing the same questions as for the pilot and demonstration scale – that of questions that relate to rates of 
migration or residual saturation. This is reflected in how the oil and gas sector use tracers to address similar 
questions. 
During the early pilot and demonstration tests where tracers have been deployed, often the main preliminary goal 
has been to determine if the tracers were injected in sufficient quantity to be observed at the monitoring point. From 
there, the tracer tests have become increasingly refined and targeted specific questions. To evaluate their 
applicability at commercial scale, the same approach is probably required; the conduct of a tracer test to see if in the 
first instance whether we can detect the tracers, before refinement can be achieved for large scale attribution for 
example. 
There are unknowns as yet regarding tracers, as discussed above, but these are being addressed and our 
knowledge in the field of CCS applications grows. With new projects and activities underway, and tying together a 
logical workflow (i.e., one that begins with the fundamental laboratory evaluation and progressing to field 
deployments then followed by modeling and history matching) our understanding of the validity of such an 
approach for commercial scale activities will improve. 
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